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Transforming Growth Factor 3 Inhibits Bone Morphogenetic Protein-
Induced Transcription through Novel Phosphorylated Smad1/5-Smad3
Complexes
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In vivo cells receive simultaneous signals from multiple extracellular ligands and must integrate and interpret them to respond
appropriately. Here we investigate the interplay between pathways downstream of two transforming growth factor 3 (TGF-3)
superfamily members, bone morphogenetic protein (BMP) and TGF-f3. We show that in multiple cell lines, TGF-3 potently in-
hibits BMP-induced transcription at the level of both BMP-responsive reporter genes and endogenous BMP target genes. This
inhibitory effect requires the TGF-f} type I receptor ALK5 and is independent of new protein synthesis. Strikingly, we show that
Smad3 is required for TGF-3’s inhibitory effects, whereas Smad2 is not. We go on to demonstrate that TGF-f induces the forma-
tion of complexes comprising phosphorylated Smad1/5 and Smad3, which bind to BMP-responsive elements in vitro and in vivo
and mediate TGF-f-induced transcriptional repression. Furthermore, loss of Smad3 confers on TGF-f} the ability to induce
transcription via BMP-responsive elements. Our results therefore suggest that not only is Smad3 important for mediating TGF-

[3’s inhibitory effects on BMP signaling but it also plays a critical role in restricting the transcriptional output in response to

TGF-B.

he transforming growth factor B (TGF-B) superfamily com-

prises more than 30 ligands that play essential roles during
early vertebrate development in the specification and subsequent
patterning of the germ layers and in tissue homeostasis in adult
organisms. Deregulation of signaling downstream of many of
these ligands has been implicated in human diseases such as can-
cer and fibrosis, in wound healing disorders, and in several hered-
itary conditions (7, 37). The TGF-( superfamily ligands elicit their
pleiotropic effects by signaling to the nucleus and inducing new
programs of gene expression. The large number of ligands in this
superfamily signal to the nucleus through a much smaller number
of receptors and Smads, which act as intracellular signal transduc-
ers (14). Thus, different ligands utilize common pathway compo-
nents. This raises important questions about how cells respond
specifically to individual ligands and how cells integrate and inter-
pret signals received from multiple ligands simultaneously.

TGF- superfamily ligands signal by bringing together hetero-
meric complexes of type I and type II serine/threonine kinase re-
ceptors, which in turn phosphorylate and activate a subset of
Smads known as the receptor-regulated Smads (R-Smads) at two
serines at the extreme C terminus (46). The activated R-Smads
form homomeric and heteromeric complexes with Smad4 that
accumulate in the nucleus, where they directly activate or repress
the transcription of target genes (46). The TGF-B superfamily
pathways have traditionally been split into two branches. The
TGE-s, activins, and Nodals form one subfamily, which signal
through the type I receptors ALK4, -5, and -7 and Smad2 and -3.
The bone morphogenetic proteins (BMPs) and growth and differ-
entiation factors (GDFs) form a second subfamily and signal
through ALK, -2, -3, and -6, and Smadl, -5, and -8 (14).

The DNA binding specificity of phosphorylated Smad1/5/8-
Smad4 complexes formed in response to BMPs/GDFs is thought
to be distinct from that of phosphorylated Smad2-Smad4 or phos-
phorylated Smad3-Smad4 complexes formed in response to TGF-
B/activin/Nodal (42), and this has been assumed to account for
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the distinct sets of genes that are induced in response to the dif-
ferent classes of ligand. Indeed, ligands from the two different
subfamilies play very different roles in vivo, as evidenced, for ex-
ample, by the phenotypes of mice in which different ligands, re-
ceptors, and Smads have been knocked out (19, 52).

Antagonism between ligands of these two major subfamilies in
a variety of biological contexts, such as vertebrate embryonic de-
velopment, stem cell maintenance, and osteoblast differentiation,
has been described (8, 35, 54, 55), and several different mecha-
nisms have been proposed to be responsible for this antagonism.
In early Xenopus embryos, heterodimerization between Nodal and
BMPs has been demonstrated, accounting for some of the antag-
onism between these two classes of ligands (55). In the same sys-
tem, competition for Smad4 has been reported to explain antag-
onism between BMP2/4 signaling and another Nodal-related
ligand, Vg-1 (8). Finally, in mouse embryonic stem cells, induc-
tion of the negative Smad Smad7 in response to Nodal has been
shown to inhibit BMP responses (15). Smad7 is induced by many
TGEF-B superfamily members and is thought to act by recruiting
both E3 ubiquitin ligases Smurfl/2 and the phosphatase PP1 to
both TGF-B and BMP receptor complexes to downregulate their
activity (13, 27, 45).

Recent work has shown that the signaling pathways down-
stream of the two major subfamilies of TGF-3 superfamily ligands
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are not as distinct as previously thought. In addition to inducing
phosphorylation of Smad2 and Smad3, TGF-f strongly induces
phosphorylation and activation of Smad1/5/8 in many different
cell types, including endothelial cells, epithelial cells, fibroblasts,
and epithelium-derived cancer cells (6, 9, 20, 33, 51). These ob-
servations raise critical questions of how the activation of Smad1/
5/8 by TGF-P influences BMP responses and why TGF-f cannot
induce BMP-like transcriptional responses.

To answer these questions, we have investigated how the
TGF- and BMP pathways influence each other. We demonstrate
a potent direct inhibition of BMP-induced transcriptional re-
sponses by TGF-B. We show that this occurs downstream of re-
ceptor activation, is independent of new protein synthesis, and is
mediated by novel complexes formed between phosphorylated
Smad1/5 and phosphorylated Smad3 that are induced by TGF-3
and are substantially increased when cells are induced with both
TGF-B and BMPs. This work not only uncovers the mechanism by
which these two TGEF-f superfamily pathways antagonize each
other but also explains why TGF-f cannot elicit a BMP-like tran-
scriptional response.

MATERIALS AND METHODS

Cell culture, stable cell lines, and treatments. All cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum. For overnight starvation, cells were washed twice with
phosphate-buffered saline and incubated in Opti-MEM (Invitrogen) be-
fore induction. Stable MDA-MB-231 cell lines expressing either BMP-
responsive element (BRE)-luciferase or CAGA ,-luciferase together with
thymidine kinase (TK)-Renilla (called MDA-MB-231 BRE and MDA-
MB-231 CAGA, respectively) were generated by transfecting cells as de-
scribed below with the appropriate plasmids and pCMV-Bsd (Invitrogen)
for blasticidin resistance. The stable MDA-MB-231 cell line expressing
FLAG-ALK2 was generated by cotransfecting the FLAG-ALK2 expression
vector together with pSUPER-retro-puro (OligoEngine) for puromycin
resistance. The stable HaCaT cell line expressing hemagglutinin (HA)-
Smad3 was generated in the same way. TGF-f3 and BMP7 (Peprotech EC
Ltd.) were used at 2 ng/ml and 100 ng/ml, respectively, unless otherwise
stated. BMP2 (R&D Systems) was used at 20 ng/ml. SB-431542 (Tocris)
was used at 10 wM, and emetine (Sigma) was used at 400 WM.

Antibodies and plasmids. The antibodies used were obtained from
Santa Cruz Biotechnology (anti-Smad4 [B-8], anti-Smad3 [38-Q], anti-
MCM?7 [141.2], anti-MCM6 [C-20], and anti-Alk5 [V-22]), Sigma (anti-
FLAG antibody [M2]), Life Technologies (anti-Smadl [catalog no.
385400] and anti-Smad2 [catalog no. 511300]), Cell Signaling Technol-
ogy (anti-Smad5 [catalog no. 9517], anti-phospho-Smad2 [catalog no.
3108], anti-phospho-Smad3 [catalog no. 9520S], and anti-phospho-
Smad1/5/8 [catalog no. 9516]), Abcam (chromatin immunoprecipitation
[ChIP] grade anti-Smad3 [ab28379] for immunoprecipitation [IP] and
ChIP), Covance (RNA polymerase II [Polll; 8WG16]), and BD Biosci-
ences (Smad2/3 [catalog no. 610843]). Secondary antibodies (Dako) were
peroxidase-conjugated secondary goat anti-mouse or goat anti-rabbit an-
tibodies. The following plasmids were as previously described: CAGA, ,-
luciferase, BRE-luciferase, TK-Renilla, FLAG-ALK2, FLAG-Smad4, HA-
Smad3, and ID2-luciferase (9, 22, 38).

Transfections, siRNA, and reporter assays. Plasmid transfections
were performed using FUGENE HD (Promega) according to the manu-
facturer’s protocol. Luciferase reporter assays were done as previously
described (32), with 8-h ligand inductions. Small interfering RNA
(siRNA) transfections into MDA-MB-231 and MDA-MB-231 BRE cells
were performed using INTERFERIn (Polyplus Transfection) and a final
concentration of 10 nM siRNA. Cells were seeded 1 day prior to transfec-
tion and analyzed 72 h after knockdown. The siRNA oligonucleotides
(Thermo Scientific [Dharmacon RNAi Technologies]) used were Smad2
(D-003561-01, D-003561-02, and D-003561-04), Smad3 (D-020067-01
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and D-020067-04), Smad4 (D-003902-05 and D003902-07), Smad7
(D-020068-01 and D-020068-04), Smadl (M-012723-00), and Smad5
(M-015791-00), and ALK5 (D-003929-05 and D-003929-08). The
control siRNA was ON-TARGETplus nontargeting siRNA no. 1 (D-
001810-01-20).

Protein extraction, recombinant proteins, and immunoprecipita-
tion. Whole-cell extracts and nuclear extracts for Western blotting were
prepared as previously described (18, 50), and IP with endogenous pro-
teins was performed as described previously (9). Western blot assays were
visualized using Immobilon Western detection reagents (Millipore) ei-
ther on film or using an ImageQuant LAS4000 mini (GE Healthcare)
when the bands were quantitated using ImageQuant TL. Recombinant
phosphorylated Smad1 and phosphorylated Smad3 were prepared by co-
expressing Smadl and Smad3 with the kinase domains of ALK2 and
ALKS, respectively, in insect cells using baculovirus. Details of the purifi-
cation will be published elsewhere. For the IP, 1.25 g of each protein
diluted in hypotonic buffer (50) containing 140 mM NaCl and 1 mg/ml
bovine serum albumin was used.

DNA pulldown (DNAP), quantitative PCR (qPCR), and ChIP as-
says. DNAP assays were performed as described previously (32), ex-
cept that nuclear extracts were prepared as described in reference 44.
The oligonucleotides used were Mutant (top) (5'-biotin-GGAGGTGC
GCGGAGTCAGGCATATATATATATACAGCATGCATGCATGGTCG
GCA) and the unbiotinylated reverse complement Mutant (bottom), BRE
(top) (5'-biotin-CCGCGCGGCGCCAGCCTGACAGCCCGTCCTGGC
GTCTAACGGTCTGAGCCG) and the unbiotinylated reverse comple-
ment BRE (bottom), ID2 —2979/—2920 (probe A top): (5'-biotin-CGC
GGTTGCCATGGCAGCCGCCTGAGCGGCGCCGCGAGGACAAGGC
TGCAGGGCGGCGTG) and the unbiotinylated reverse complement ID2
—2979/—2920 (probe A bottom), ID2 —2919/—2860 (probe B top) (5'-
biotin-AATGGGCGGCGTCACGCGCCTGGCGCCAGAGAGTCTGCT
CCGGGGCTCCGGCTCCGGCCC) and the unbiotinylated reverse
complement ID2 —2919/—2860 (probe B bottom), and ID1 —1070/
1025 (top) (5'-TGAATGGGTGACGTCACGGGCCTGGCGTCTAACG
GTCTGAGCCGCTTG-3") and the 3'-biotinylated reverse complement
ID1 —1070/1025 (bottom).

For qPCR, RNA was prepared using TRIzol according to manufactur-
er’s instructions and further cleaned up using GenElute (Sigma). cDNA
was prepared using the cDNA construction kit (Agilent Technologies)
and analyzed using the qPCR ABI 7500 Fast system (Applied Biosystems)
with SYBR green Master Mix (Applied Biosystems). The qPCR primers
used were as follows: ID2 (fwd), CGCCGCTGACCACCCTCAAC; ID2
(rev), AGCCACACAGTGCTTTGCTGTCA; ID3 (fwd), GGCCCCCACC
TTCCCATCG; ID3 (rev), GCCAGCACCTGCGTTCTGGAG; ATOHS8
(fwd), CCTGAGGATCGCCTGTAACT; ATOHS (rev), TGGTCGGCAC
TGTAGTCAAG; ZNF114 (fwd), GAGTGGACCCTGCTGGAC; ZNF114
(rev), TTTTACATGGAGTTGCCCAAT; DUSP10 (fwd), AAGAGGCTT
TTGAGTTCATTGAG; DUSP10 (rev), CAAGTAAGCGATGACGATGG;
BIRC3 (fwd), TTGAACAGCTGCTATCCACATC; BIRC3 (rev), TCCAG
GTTCAAAATGGATAATTG; Smad7 (fwd), CTTAGCCGACTCTGCGA
ACT; Smad7 (rev), CCAGGCTCCAGAAGAAGTTG; Smad3 (fwd), GGT
CAAGAGCCTGGTCAAGA; Smad3 (rev), TTGAAGGCGAACTCACA
CAG; ALKS5 (fwd), GCCGTTTGTATGTGCACCCTCTTC; ALKS (rev),
GCTGCCAGTTCCACAGGACCAA; PAI-1 (fwd), TGATGGCTCAGAC
CAACAAG; PAI-1 (rev), GTTGGTGAGGGCAGAGAGAG; GAPDH
(fwd), CTTCAACAGCGACACCCACT; GAPDH (rev), GTGGTCCAGG
GGTCTTACTC.

ChIPs were performed as described previously (1). The regions of
PAI-1 amplified were the Smad binding region (SBR; —724/—542 using
5'-CAGCCAGACAAGGTTGTTGACACA-3" and 5-CCAGCCACGTG
ATTGTCTAGGTTT-3') and the transcription start site (TSS; —156/—17
using 5'-ACACACACACACACACATGCCTCA-3" and 5'-CCAGATGT
GGGCAGGAAATAGATG-3"). The regions of ID2 amplified were the
BRE (—2941/—2840 using 5'-CAGGGATCACTCGCGGGGTC-3" and
5'-CTCCCTGCACATCTGGCGCAA-3") and the TSS (—459/—399 us-
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ing 5'-GCCCGTGTAGCTGTGATTTTAGA-3" and 5'-CAGACCAAGC
CCTACACACCTT-3").

Microarray analysis. Total RNA was prepared from MDA-MB-231
cells induced with TGF-3 and/or BMP7 in duplicate for 1 h or 6 h. Labeled
c¢DNA was prepared and analyzed on Affymetrix GeneChip Human Exon
1.0 ST arrays at the Paterson Institute Microarray Service. The raw mi-
croarray data were analyzed using Bioconductor (17). First the data were
normalized using the RMA procedure (24), and then the log n-fold
changes and their standard errors were calculated using the limma pack-
age (48). The standard errors were moderated using an empirical Bayes
factor (49). The linear models required by limma were designed to use all
of the data across the experimental conditions (two TGF- statuses, two
BMPY7 statuses, and three time points), and then individual comparisons
were calculated as contrasts within this model. Genes were chosen using a
false discovery rate threshold of <0.05 to compensate for multiple testing
and an absolute n-fold change of >2.

Invasion. One hundred microliters of collagen gel (1.5 mg/ml) in
serum-free DMEM supplemented with 10 mM HEPES (pH 7.5) and 1
mM NaHCO; was added to 8-pum-pore-size transwells (Corning) and left
to solidify at 37°C for 1 h. MDA-MB-231 cells were allowed to adhere to
the underside of the chamber for 4 h. Serum-free medium was added to
the lower chamber, and complete medium was added to the upper cham-
ber, with the ligands as appropriate. Cells were left to invade the collagen
matrix for 48 h. After fixation, the cells were stained with fluorescein
isothiocyanate (FITC)-phalloidin (Invitrogen) and z sections were taken
by confocal microscopy every 10 wm. Five stacks were analyzed per con-
dition. Fluorescence quantification was performed using Image] software.
Levels of fluorescence in each section were normalized such that that in
the first section was 100.

RESULTS

TGF-$ inhibits BMP-induced transcriptional responses in an
ALK5-dependent manner. To investigate interactions between
BMP and TGF-p signaling pathways, we used MDA-MB-231 cells
stably expressing either BRE-luciferase or CAGA,,-luciferase to-
gether with an internal control, TK-Renilla (53). The BRE-lucif-
erase reporter is driven by two copies of two BREs derived from
the IDI promoter (29), while the CAGA,,-luciferase reporter is
driven by Smad3-Smad4 binding sites derived from the highly
TGF-B-inducible PAI-1 promoter (11). As expected, BMP7 and
TGF-f robustly induced the BRE-luciferase and CAGA,-lucifer-
ase reporters, respectively (Fig. 1A). TGF-$ alone could not in-
duce the BRE-luciferase reporter, but strikingly, stimulation of
cells with TGF- substantially inhibited BMP7-induced BRE-lu-
ciferase activity. In contrast, BMP7 had no effect on TGF-B-in-
duced CAGA ,-luciferase activity (Fig. 1A). The inhibitory effect
of TGF-B was not confined to BMP7 signaling, as we could also
demonstrate that TGF-3 inhibited BMP2-induced transcription,
measured in the same assay (Fig. 1B). Furthermore, TGF-{ inhib-
ited BMP-induced luciferase induction in transient-transfection
assays in a number of different cell lines and also inhibited BMP7-
induced activation of a luciferase reporter driven by the promoter
region of ID2, a well-known BMP-responsive gene (38) (Fig. 1C
and D; data not shown).

A TGEF-B titration experiment revealed that inhibition of
BMP7-induced transcriptional responses was dose dependent; 2
ng/ml and 0.2 ng/ml TGF-@ had similar inhibitory effects, while
0.02 ng/ml TGF-B had only a weak inhibitory effect and 0.002
ng/ml had no effect (Fig. 1E, left side). The doses of TGF-@ that
inhibited BMP signaling were those that induced robust levels of
phosphorylated Smadl/5 (PSmad1/5), PSmad2, and PSmad3
(Fig. 1E, right side). We also demonstrated that inhibition of
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BMP7-induced transcription by TGF- requires ALKS5 activity, as
preincubation of the cells with the ALKS5 inhibitor SB-431542 (23)
abolished TGF-B’s inhibitory effect (Fig. 1F). To establish the
minimal duration of TGF-$ signaling required, we added SB-
431542 at different times after ligand addition to inhibit TGF-3
signaling, harvesting all of the samples 8 h after the initial TGF-3
and BMP7 stimulation. This experiment revealed that 1 h of
TGEF-p signaling was sufficient to inhibit BMP7-induced tran-
scription (Fig. 1G).

TGF-B inhibits BMP induction of cell invasion and tran-
scription of endogenous genes. To demonstrate physiological
relevance for BMP7 stimulation of MDA-MB-231 cells and for the
observed TGF-B-dependent inhibition of BMP signaling, we
asked whether TGF-f could inhibit BMP7-induced cell invasion,
which has previously been reported in MDA-MB-231 cells (3).
Cells stimulated with BMP7 invaded the collagen matrix much
more effectively than unstimulated cells, and this was substantially
inhibited by costimulation with TGF-@ (Fig. 2A). We then sought
to identify BMP7 target genes in MDA-MB-231 cells whose induc-
tion was inhibited by TGF-$ by performing an Affymetrix mi-
croarray. We found 19 genes in total that were induced at least
2-fold by BMP?7 at either the 1-h or the 6-h time point (see Table
SI in the supplemental material). This is consistent with other
microarray analyses that have revealed many fewer BMP-respon-
sive genes than TGF-B-responsive genes in tissue culture cells (2,
40). For nine of these genes, costimulation with TGF- substan-
tially decreased the BMP7 responsiveness, and this was confirmed
for six of these induced genes by qPCR (Fig. 2B).

TGEF-P’s inhibition of BMP-induced genes is independent of
new protein synthesis. The short duration of TGF-f signaling
required to inhibit BMP-induced transcription suggested that the
effect of TGF-3 on BMP responses was direct and not dependent
on transcription/translation of TGF-f target genes. Since ID2 and
ID3 were the most strongly induced by BMP7 at the 1-h time point
(Fig. 2B), we chose these genes to investigate this. Pretreatment of
the cells with the translational inhibitor emetine had no effect on
the TGF-B-mediated inhibition of BMP7-induced transcription
of ID2 and ID3, indicating that it is independent of new protein
synthesis (Fig. 3A). In a control experiment, we confirmed that
emetine was highly effective for inhibiting translation in these cells
(data not shown). A recent analysis of mouse embryonic stem cells
showed that autocrine Nodal signaling has an inhibitory effect on
BMP signaling through the synthesis of the inhibitory Smad
Smad?7 (15). Given the insensitivity of the TGF-f-mediated inhi-
bition of BMP responses to de novo protein synthesis, we consid-
ered this mechanism unlikely to be responsible for our observa-
tions. Indeed, knocking down of Smad7 with two different siRNAs
had no effect on TGF-B-mediated inhibition of BMP-responsive
transcription (Fig. 3B). In contrast, as expected in light of the
effect of SB-431542 (Fig. 1F), knocking down ALK5 abolished the
effect and knocking down Smad4 inhibited BMP7-induced tran-
scription (Fig. 3B).

TGF-f has no effect on BMP-induced Smad1/5 phosphory-
lation and does not compete for BMP receptors. To learn more
about the mechanism whereby TGF-f3 inhibits BMP responses, we
investigated whether TGF- inhibited BMP-induced phosphory-
lation of Smadl/5 or accumulation of complexes containing
PSmad1/5 in the nucleus. As expected, stimulation of cells with
BMP7 or TGF-p led to the phosphorylation of Smad1/5 (9) (Fig.
4A and B). Costimulation of cells with both ligands actually re-
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FIG 3 Inhibition of BMP7 responses by TGF-f does not require new protein synthesis and is independent of Smad7. (A) MDA-MB-231 cells were pretreated
for 10 min with or without 400 uM emetine and then induced with the ligands indicated for 1 h. Total RNA was prepared, and levels of ID2 or ID3, relative to
that of the gene for glyceraldehyde-3-phosphate dehydrogenase, were measured by qPCR. The qPCRs were performed in triplicate, and means and standard
deviations are shown. (B) MDA-MB-231 BRE cells were transfected with the indicated siRNAs or a nontargeting (NT) control for 72 h before being treated with
the ligands indicated for 8 h. Luciferase/Renilla assays were performed as described in the legend to Fig. 1. The knockdown efficiency of the Smad4 (S4) and ALK5
siRNAs is shown by Western blotting. For the ALKS5 blot assay, extracts were treated with or without peptide N-glycosidase F (PNGase F) (12) to remove sugars
from ALKS, enabling it to be more easily detected. The efficiency of the Smad7 (S7) knockdown was established by qPCR. Samples were treated for 1 h with
TGF-B to induce levels of Smad7 in the control samples to be detectable by qPCR. Levels of Smad?, relative to that of the gene for glyceraldehyde-3-phosphate

dehydrogenase, were calculated. Means and standard deviations of a representative experiment performed in triplicate are shown.

sulted in a slightly increased level of PSmad1/5 in both whole-cell
extracts and nuclear extracts compared with stimulation with
BMP?7 alone (Fig. 4A and B). These results rule out the simple
hypothesis that TGF- inhibits BMP-induced responses by inhib-
iting the ability of BMPs to induce Smad1/5 phosphorylation or
accumulation of activated Smad complexes in the nucleus.

We have previously shown that TGF-3 induces phosphory-
lation of Smad1/5 via a heteromeric receptor complex com-
prising the TGF-B type II receptor with ALK5 and ALK2 or
ALK3 (9). To eliminate the possibility that TGF- inhibited
BMP-induced responses by titrating out ALK2 or ALK3, which
are BMP type I receptors (14), we generated a stable cell line
overexpressing FLAG-tagged ALK2, which is the type I recep-
tor preferentially recognized by BMP7 (34). This cell line re-
sponds more strongly to BMP7, indicating that the overex-
pressed ALK2 protein is active (Fig. 4C, right panel). However,
no difference was detected between these ALK2-overexpressing
cells and the parental cells in the ability of TGF- (at two dif-
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ferent concentrations) to inhibit BMP7-induced transcription
(Fig. 4C, left panel), indicating that competition between
TGF-B and BMP7 for the ALK2 receptor is not likely to be the
mechanism responsible.

TGEF-p stimulation results in a decrease in levels of PSmad1/
5-Smad4 complexes formed in response to BMP7 and an in-
crease in mixed R-Smad complexes. We next used IPs to investi-
gate whether TGF-B influenced the composition of the Smad
complexes formed in response to BMP7. IP of Smad5 and blotting
for Smad4 or IP of Smad4 and blotting for PSmad1/5 revealed that
BMP7 induced PSmad1/5-Smad4 complexes (Fig. 5A). The pres-
ence of TGF-f significantly reduced the levels of these complexes
(Fig. 5A). As previously reported, TGF- induction resulted in the
formation of so-called mixed R-Smad (PSmad2/3-PSmadl/5)
complexes (9), which increased in cells treated with both TGF-3
and BMP7 (Fig. 5A). TGF-f stimulation also induced the forma-
tion of PSmad2-Smad4 and PSmad3-Smad4 complexes, but the
levels of these are not affected by the addition of BMP7 (Fig. 5B).
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FIG 4 TGF- does not inhibit BMP’s ability to induce phosphorylation of Smad1/5. (A) Whole-cell extracts were prepared from MDA-MB-231 cells treated with
BMP?7 and/or TGF- for the times shown. Extracts were Western blotted using antibodies against phosphorylated Smad1/5 (PSmad1/5), Smadl, and MCM6 as
aloading control. The blot assays were quantitated on an ImageQuant LAS4000 mini, and the levels of PSmad1/5 relative to Smad1 are plotted on the right. (B)
Same as panel A, except that nuclear extracts were assayed. (C, left side) MDA-MB-231 cells or the same cells stably expressing FLAG-ALK2 were transiently
transfected with BRE-luciferase and TK-Renilla. After 24 h, cells were induced with the ligands as indicated for 8 h. Luciferase/Renilla assays were performed as
in the legend to Fig. 1. (C, right side) Whole-cell extracts were prepared from the same cell lines induced for 1 h with different concentrations of BMP7. The
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To investigate the mixed R-Smad complexes more thoroughly, we
used antibodies specific for Smad2 and Smad3 to immunoprecipi-
tate these Smads. Both PSmad2-PSmadl/5 and PSmad3-
PSmad1/5 complexes were formed in TGF-B-induced cells and in
cells costimulated with TGF-B and BMP7 (Fig. 5C). These
PSmad2-PSmad1/5 and PSmad3-PSmad1/5 complexes do not re-
quire Smad4 for their formation, as they are readily induced in
cells in which Smad4 has been knocked down (Fig. 5C). To con-
firm that complex formation by PSmad3 and PSmadl is direct and
not dependent on bridging proteins, we performed IPs with re-
combinant PSmadl and PSmad3. PSmadl-PSmad3 complexes
were readily detected when either the PSmadl or the PSmad3
component was immunoprecipitated (Fig. 5D).

Thus, we conclude that, compared to BMP7 induction
alone, costimulation of cells with TGF-B and BMP7 alters the
type of the activated Smad complexes formed, resulting in a
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decrease in levels of PSmadl/5-Smad4 complexes and an in-
crease in PSmad3-PSmad1/5 complexes and PSmad2/3-Smad4
complexes.

TGEF-f inhibits BMP responses by specifically inducing the
formation of PSmad3-PSmadl/5 complexes. Three possible
mechanisms for TGF-’s inhibitory effects on BMP responses can
be envisioned from these results. First, TGF-3 stimulation might
divert Smad4 from PSmadl/5-Smad4 complexes, which are cru-
cial for BMP-induced transcription (29), to PSmad2/3-Smad4
complexes. Second, formation of PSmad2/3-PSmadl/5 com-
plexes in response to TGF-f could titrate out PSmad1/5 from
BMP-induced PSmadl/5-Smad4 complexes. Third, either
PSmad2-PSmad1/5 or PSmad3-PSmad1/5 could have an active
inhibitory effect on BMP-induced transcription.

To test the first possibility, we investigated whether Smad4 is
limiting by overexpressing FLAG-tagged Smad4. We proved that
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FIG 5 TGF-B induction leads to a loss of BMP-induced Smad1/5-Smad4 complexes and an increase in Smad1/5-Smad2/3 complexes. (A to C) MDA-MB-231
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antibodies shown or beads alone and then Western blotted as indicated.

the tagged Smad4 protein was active, as it restored BMP7-induced
BRE-luciferase activity in a Smad4-null cell line, MDA-MB-468
(Fig. 6). However, increasing levels of Smad4 had no effect on the
ability of TGF- to inhibit BMP7-induced transcription in MDA-
MB-231 cells, indicating that Smad4 is not limiting in these assays
(Fig. 6).

To test the second and third possibilities, we dissected the roles of
Smad2 and Smad3 in TGF-[3’s ability to inhibit BMP responses. Us-
ing MDA-MB-231 BRE cells, we found that knockdown of Smad3,
but not knockdown of Smad2, abolished TGF--mediated inhibition
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.*E' 140 Cuninduced 2

2 S

£ O BMP7 = 300

© __ 120 HEBMP7 + TGF-3 S

88 o @ 250

5 o ¥

2 o > 200

52 80 £ >

ERd Ss

JE 60 s 1%0

s 2 - 2

N< a0 8 g 10

E =

E 20 g 50

= =

] ]

4 0 2 0+
FLAG-Smad4 - 10 ng 25ng FLAG-Smad4

BRE-Luciferase

(Fig. 7A and B). The fact that knockdown of Smad2 had no effect
rules out a simple titration of PSmadl/5 from BMP-induced
PSmad1/5-Smad4 complexes as the mechanism underlying TGF-3’s
inhibitory effects. If this were the mechanism, knockdown of
Smad2 and knockdown of Smad3 would both be expected to abol-
ish TGF-B-mediated inhibition, and moreover, knockdown of
Smad2 should have a stronger effect, as Smad2 is more abundant
than Smad3 in these cells (Fig. 7B). These results instead suggest
that TGF-B-induced formation of PSmad3-PSmad1/5 complexes
has a direct inhibitory effect on BMP-induced transcription.

MDA-MB-468 (Smad4 null)
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H BMP7 + TGF-B
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FIG 6 Smad4 is not responsible for TGF-f’s inhibitory effects on BMP responses. MDA-MB-231 or MDA-MB-468 cells were transiently transfected with
BRE-luciferase and TK-Renilla with or without increasing amounts of FLAG-Smad4 expression plasmid. After 24 h, cells were induced with the ligands shown
and luciferase/Renilla assays were performed as described in the legend to Fig. 1. A Western blot assay showing the expression of FLAG-Smad4 in the

MDA-MB-231 cells is shown. The asterisk denotes a nonspecific band.
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FIG 7 The inhibitory effect of TGF-B on BMP transcriptional responses depends on Smad3 but not on Smad2. (A to D) MDA-MB-231 BRE cells were
transfected with nontargeting (NT) siRNA or siRNA duplexes against Smad2 (S2), Smad3 (S3), or ALKS5, as indicated. After 72 h cells were stimulated with the
ligands shown and luciferase/Renilla assays were performed as in the legend to Fig. 1 (A and C) or whole-cell extracts were prepared and blotted for Smad2/3,
Smad4, or ALK5 as indicated (B and D). In the case of ALK5, samples were treated with or without peptide N-glycosidase F (PNGase F) as described in the legend
to Fig. 3. (E) MDA-MB-231 BRE cells were treated with NT or Smad3 siRNA for 72 h as described above and then induced with ligands for 1 h. Total RNA was
prepared, and levels of ID2, relative to that of the gene for glyceraldehyde-3-phosphate dehydrogenase, were measured by qPCR. The qPCRs were performed in
triplicate, and means and standard deviations are shown. Controls for knockdown are those shown in panel D.

We have previously shown that TGF-f3 alone cannot induce
the BRE-luciferase reporter (Fig. 1A) (9), and we hypothesized
that this was due to the formation of mixed R-Smad complexes
of phosphorylated Smad2/3 and Smad1/5 (9). The observation
that Smad3 is required for TGF-B’s inhibitory effect on BMP-
induced transcription led us to investigate whether PSmad3-
PSmad1/5 complexes were responsible for preventing TGF-f3
from inducing the BRE-luciferase reporter. Strikingly, knock-
down of Smad3 with two different siRNAs conferred on TGF-8
the ability to induce BRE-luciferase activity (Fig. 7C and D).
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Furthermore, knockdown of Smad3 also allowed TGF-B to
induce endogenous ID2 expression, confirming that this obser-
vation was not restricted to a BMP-responsive reporter
(Fig. 7E).

Taking these observations together, we conclude that PSmad1/
5-PSmad3 complexes induced in response to TGF-f3 have a direct
inhibitory effect on BMP-responsive elements. This explains the
inability of TGF- to induce BMP-responsive promoters when
added alone and its ability to inhibit BMP-induced transcription
when added with BMP7.
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PSmad1/5-PSmad3 complexes bind to BMP-responsive ele-
ments in response to TGF-3 in vitro and in vivo. The proof that
costimulation with TGF-f and BMP results in inhibitory com-
plexes comprising phosphorylated Smad1/5 and Smad3 binding
to BMP-responsive promoters would be the direct detection of
such complexes on BREs. We first investigated this in vitro by
using DNAP assays of HaCaT cells. In these assays, oligonucleo-
tides of interest are immobilized on beads and incubated with
nuclear extract and bound proteins are detected by Western blot-
ting. In response to BMP7, we could readily detect PSmad1/5 and
Smad4 binding to an oligonucleotide corresponding to a single
copy of the two BRE sequences that drive the BRE-luciferase re-
porter (Fig. 8A, BRE). In response to TGF-{ and to costimulation
with TGF- and BMP7, we additionally detected Smad3 binding
to this sequence (Fig. 8A; BRE). A similar pattern of binding was
seen when we used the region of the IDI promoter (—1070/
—1025) that contains one of the two BREs present in the BRE-
luciferase reporter (29) (Fig. 8A, ID1 —1070/—1025). We also
used oligonucleotides corresponding to the two recently described
BREs derived from the ID2 promoter (Fig. 8B) (38). PSmad3 and
PSmad1/5 were detected on both of these elements in response to
TGF-B and BMP7 (Fig. 8B). Because Smad4 was also found to
bind these ID2 probes in the presence of BMP7 with or without
TGF-f3, it was important to distinguish between PSmad3 recruited
by Smad4 and that recruited as part of PSmad3-PSmad1/5 com-
plexes. In BxPC3 cells, which are Smad4 null (39), we found that
PSmad3 was still recruited to both ID2 probes (data not shown),
indicating that Smad4 is not required. Furthermore, when
Smad1/5 was knocked down in MDA-MB-231 cells, very little
Smad3 was found to bind to probe A (data not shown). Binding of
Smad3 was still detected on probe B, however, but the residual
PSmad1/5 in these knockdown cells evidently recruited it.
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Finally we investigated whether TGF- induced the recruit-
ment of Smad3 and PSmadl1/5 to BREs in vivo by using ChIP
analysis. We focused on the ID2 gene, as this is an endogenous
gene for which we observe a strong TGF-3-dependent inhibition
of BMP7-responsive transcription. We analyzed two regions of
the human ID2 gene: the BRE between —2980 and —2880 up-
stream of the start of transcription and the TSS itself (38). As a
control for Smad3 recruitment in response to TGF-[3, we used the
PAI-1 gene, which is induced only by TGF-f in a Smad3-depen-
dent manner (11), and analyzed the previously described SBR and
the TSS (1). Antibodies against Smad3, PSmad1/5, and RNA Polll
were used.

We could readily detect an increase in Smad3 occupation of the
ID2 BRE in response to 1 h of stimulation with BMP7 or TGF-f3,
and strikingly, this was further increased when both ligands were
added together (Fig. 9A). Levels of PSmad1/5 were significantly
increased on the ID2 BRE in response to BMP7, as expected, and
to a slightly lesser extent when TGF-B and BMP7 were added
together but not when cells were induced with TGF-3 alone. A
substantial level of Polll was observed at the ID2 TSS in unstimu-
lated cells, which was increased upon BMP7 stimulation, but not
in response to TGF-B, and addition of TGF-B inhibited the
BMP7-induced enrichment of PollI at the TSS (Fig. 9A). Remark-
ably, the enrichment of PollI at the ID2 TSS in response to these
combinations of ligands faithfully reflected the levels of ID2
mRNA measured by qPCR produced after 1 h of stimulation with
the same ligands (Fig. 9B). As a positive control for the ChIPs, we
found that Smad3 was enriched on the PAI-1 SBR in response to
TGEF-B, and this was not affected by costimulation with BMP7.
PSmad1/5 binding was not detected in the PAI-1 regulatory re-
gions (Fig. 9A). Again we noted that the pattern of enrichment of
Polll at the PAI-1 TSS reflected the levels of PAI-1 mRNA, mea-
sured by qPCR, produced after stimulation with the same ligands
(Fig. 9B).

Thus, we conclude that costimulation of cells with BMP7 and
TGEF-B leads to an accumulation of Smad3 and phosphorylated
Smad1/5 on the ID2 BRE.

DISCUSSION

A novel role for Smad3 in mediating TGF-f3-induced transcrip-
tional repression. We and others have previously shown that, in
addition to inducing the phosphorylation of Smad2 and Smad3,
TGEF-B robustly induces the phosphorylation and activation of
Smad1/5/8, which had hitherto been thought to be unique to
BMPs and GDFs (6, 9, 20, 33, 51). In fact, the class of R-Smads
activated in response to a different subset of ligands had been
thought to explain the particular repertoires of target genes in-
duced by these ligands (43). The observation that TGF- could
induce so-called “BMP R-Smads” raised the important question
of why TGF-3 does not normally induce BMP-responsive genes.
The work presented here now provides the molecular explanation.
We show that TGF-B induces the formation of mixed R-Smad
complexes containing PSmad1/5 and either PSmad2 or PSmad3.
Importantly, knockdown of Smad3 abolishes TGF-@’s ability to
inhibit BMP-induced transcription. We show that the complexes
formed by PSmad1/5 and PSmad3 are recruited to BREs in vivo
and in vitro, where they act to repress transcription. This has two
important consequences. First, it means that TGF-f cannot acti-
vate transcription via BREs unless Smad3 is absent. Second, it
explains the antagonistic action of TGF-$ on BMP-induced tran-
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PAI-1 mRNAs. In panels A and B, the data are means and standard deviations of qPCRs performed in triplicate in a representative experiment. To increase the
sensitivity of these assays, we used a HaCaT cell line that stably expresses low levels of HA-Smad3 (data not shown).

scription. We do not know exactly how these PSmad3-PSmad1/5
complexes inhibit BMP-induced transcription. They could either
compete for binding with activating PSmad1/5-Smad4 complexes
at BREs or, alternatively, could bind in addition to the PSmad1/5-
Smad4 complexes and confer repression, possibly by recruiting
transcriptional corepressors.

These results raise a fundamental question relating to the
DNA-binding specificity of the Smads. Studies with Drosophila,
mammalian cell culture, and in vitro experiments have suggested
that Smad1 preferentially binds GC-rich sequences with the con-
sensus GRCGNC, while Smad3 and Smad4 bind direct or inverted
repeats of the sequence GTCT or its reverse/complement AGAC
(called SBEs) (11, 16, 42, 47, 56). Until now, this Smad binding
specificity seemed to adequately explain why BMP-activated
Smads recognize certain composite elements while TGF-B-acti-
vated Smads recognize different elements. However, our observa-
tion that complexes comprising PSmad1/5 and PSmad3 bind to
BREs now casts doubt on this view. The BRE-luciferase construct
used in our present study and shown to bind PSmad1/5-PSmad3
complexes contains two separate BREs derived from the IDI pro-
moter. One contains the canonical Smadl-Smad4 binding site
comprisinga GC-rich element spaced 5 nucleotides from a GTCT,
while the other contains a GC-rich element but no GTCT element
(29). Moreover, the mapped BMP-responsive region of the ID2
promoter similarly contains both types of BRE (38) and we have
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shown by using DNAP assays that PSmad3 and PSmad1/5 bind to
each of these BRE sequences. This suggests that PSmadl/5-
PSmad3 complexes have a distinct binding specificity that we do
not yet fully understand. Interestingly, a recent systematic binding
study showed that, in fact, the Smad3 and Smadl MH1 domains
exhibit very similar affinities for GC-rich sequences and also for
SBEs, indicating that the generally accepted Smad binding speci-
ficity is not entirely accurate (5). How the different active and
repressive Smad complexes recognize promoter/enhancer ele-
ments therefore remains an unresolved question.

Mechanisms of TGF-[3 superfamily signaling antagonism. In
this report, we describe a novel mechanism of antagonism be-
tween TGF-B and BMP, mediated via complexes formed by
PSmad1/5 and PSmad3. Previously, a mechanism underlying
TGF-B-induced repression of IDI was described (26) and it is
important to distinguish that mechanism from what we describe
here for ID2 and ID3. In the case of ID1, TGF-B-induced repres-
sion depends on new protein synthesis, as it is mediated by ATF3,
which is itself induced by TGF- (26). In contrast, the mechanism
we describe here is independent of new protein synthesis. Fur-
thermore, the binding site for ATF3 is not included in the BRE
reporter derived from the IDI promoter that we used in this
study, nor is it present in any of the ID1 or ID2 probes used for
the DNAP assays. Moreover, as shown in Table S1 in the sup-
plemental material, TGF-B does not repress BMP7-induced
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ID1 transcription at early time points, in contrast to what we
observed with ID2 and ID3.

Other studies have observed mutual antagonism between
Nodal and BMP signaling but have ascribed different mecha-
nisms, including competition for Smad4 (8), heterodimerization
of ligands (55), and induction of the negative Smad Smad7 (15).
We have ruled out all of these mechanisms for the direct antago-
nism we observed between TGF-B and BMP7, which occurs
within 1 h of TGF- stimulation. Our demonstration that ALK5
receptor activity is required rules out a ligand dimerization mech-
anism. In our system, overexpression of Smad4 failed to abolish
TGEF-B’s inhibitory effect on BMP signaling, indicating that
Smad4 is not a limiting component. Finally, we have shown that
knockdown of Smad7 had no effect on TGF-B’s antagonistic be-
havior. Thus, BMP-induced transcription can be inhibited by
other TGF-f superfamily signaling pathways via a number of dif-
ferent mechanisms, depending on the biological context and the
particular ligand. The mechanism we describe here requires
TGE-B to induce the phosphorylation of Smad1/5. Crucially, it is
not known whether this is also true of Nodal signaling, which is
mediated via ALK4 and ALK7 (14), but it is important to discover
whether this is the case.

Functional implications. Our observation that Smad3 is es-
sential for preventing TGF-B from inducing BMP-like transcrip-
tional responses and also is responsible for TGF-p’s antagonistic
effects on BMP signaling has many functional implications. We
predict that loss of Smad3 in cells that normally receive both
TGF-B and BMP signals would result in enhanced BMP re-
sponses. Smad3-null mice die of defects in immune function and,
in some cases, of colorectal cancer (reviewed in reference 19).
They also show accelerated wound healing (4). It is not clear
whether any of these defects result from increased BMP signaling.
However, it has recently been reported that loss of Smad3 accel-
erates early bone fracture healing in mice, partly by promoting
osteogenesis, which is a BMP-driven process (28, 41).

Our observation that loss of Smad3 confers on TGF-f3 the abil-
ity to induce ID2 could be relevant in cancer. The ID genes, which
are normally inhibited by TGF-f (36), are potent tumor promot-
ers, deregulating proliferation and conferring invasiveness, angio-
genesis, and metastasis (21). Moreover, Smad3 is frequently
downregulated in cancer and inactivating mutations have recently
been discovered (10, 25, 30). In addition, tumor cells frequently
secrete high levels of TGF- (31) and we have previously shown
that the ability of TGF- to induce phosphorylation of Smad1/5
occurs at concentrations of TGF-3 higher than that required for
the phosphorylation of Smad2/3 (9). It will be exciting in the fu-
ture to understand whether there is a link between downregula-
tion or mutation of Smad3 and TGF-B-induced upregulation of
ID genes in tumorigenesis.
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